Abstract Parkinson's disease (PD) is the most common neurodegenerative movement disorder. Mutations in the DJ-1, including L166P, are responsible for recessive earlyonset PD. Many lines of evidence have shown that L166P is not only a loss-of-function mutant, but also a proapoptotic-like protein that results in mitochondrial dysfunction. L166P has been reported to be unstable and to mislocalize to mitochondria. However, the mechanisms underlying the instability of L166P compared to wild-type DJ-1 remain largely unknown. Here, we showed that Omi/ HtrA2, a mitochondrial serine protease that has also been linked to the pathogenesis of PD, contributed to L166P instability. Omi directly interacted with and cleaved L166P in mitochondria to decrease the L166P level. However, Omi did not bind and cleave wild-type DJ-1. Moreover, Omi cleaved L166P at both serine residues 3 and 121, while L166P-induced cell death under H 2 O 2 treatment was alleviated by over-expression of Omi. Our data reveal a bridge between DJ-1 and Omi, two PD-associated genetic factors, which contributes to our understanding of the pathogenesis of PD.
Introduction
Parkinson's disease (PD) is one of the most common neurodegenerative diseases, affecting 1%-2% of the general population more than 65 years old [1, 2] . It is due to the loss of dopaminergic neurons in the pars compacta of the substantia nigra and decreased dopamine levels in the striatum. Although most cases of PD are sporadic forms, our knowledge of its causes has come largely from the dysfunctions of genes that are responsible for familial PD, such as DJ-1, SNCA/a-Synuclein, Parkin, PINK1, and ATP12A2 [3, 4] . At the cellular level, mitochondrial dysfunction is thought to be a common and crucial factor associated with the pathogenesis of PD [5, 6] .
DJ-1, a conserved protein composed of 189 aminoacids, was initially identified as an oncoprotein that functionally collaborates with the activated small G-protein ras in NIH3T3 cells [7] . It has been reported that DJ-1 is able to protect cells from death by multiple cellular pathways including transcriptional regulation [8] [9] [10] [11] , antiapoptotic activity [12] [13] [14] [15] , anti-oxidative activity [16] [17] [18] , RNA binding [19] , and chaperone activity [20, 21] . Deletions or a point mutation in the human DJ-1 gene that results in a substitution of proline for leucine at residue 166 (L166P) has been reported to be responsible for recessive early-onset PD [22] . Moreover, other DJ-1 mutations have also been associated with sporadic earlyonset PD [23] . Interestingly, the most commonly studied PD-associated L166P mutant is unstable in cells [24] [25] [26] . The crystal structures of wild-type DJ-1 and L166P demonstrate that mutation of L166P prevents the normal folding of the C-terminal region [27] [28] [29] . DJ-1 forms soluble dimers, whereas the L166P mutant exists as a monomer in cells [25] . The structural instability of the L166P mutant leads to rapid degradation by the ubiquitinproteasome system or proteasomal endoproteolytic cleavage [26, 30] . In addition, wild-type DJ-1 mainly occurs in the cytoplasm and the nucleus, as well as partly on mitochondria [7, [30] [31] [32] . However, the L166P mutant is predominantly localized in mitochondria [22, 33, 34] . Furthermore, many studies have shown that L166P not only loses functions in comparison to wild-type DJ-1, but also has a pro-apoptotic property [14, 16, [34] [35] [36] . Decrease of protein levels and mislocation to mitochondria are responsible for the pathogenic effects of L166P in PD. However, the mechanisms by which the L166P mutant is more unstable than wild-type DJ-1 are largely unknown. Omi/HtrA2 is a serine protease belonging to the hightemperature requirement factor A (HtrA) family [37] . Although Omi is mainly localized in mitochondria, endoplasmic reticulum and Golgi localization have also been reported [38, 39] . Although Omi is pro-apoptotic in some somatic cells due to its release from mitochondria to the cytosol in response to apoptotic stimuli [39] [40] [41] [42] [43] , mitochondrial Omi plays a physiological cytoprotective role in neurons [44] [45] [46] . Loss of Omi function leads to neurodegeneration in mouse models and has been linked to the pathogenesis of PD [45, 47, 48] .
In this study, we demonstrated that the PD-associated L166P mutant, but not wild-type DJ-1, directly binds to and is cleaved by the mitochondrial serine protease Omi at both serine residues 3 and 121. In addition, L166P-induced cellular toxicity under oxidative stress was alleviated by Omi. Our findings reveal a relationship between two PDassociated genetic factors, DJ-1 and Omi.
Materials and Methods

Cell Cultures, Transfection, and Reagents
Mouse neuroblastoma Neuro 2a (N2a), human embryonic kidney 293 (HEK293), and human cervical carcinoma HeLa cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco, Grand Island, NY) containing 10% fetal bovine serum (Hyclone Laboratories, Logan, UT) with streptomycin (100 lg/mL) and penicillin (100 U/mL) (Gibco). H1299 cells were maintained in RPMI 1640 (Gibco) supplemented with 10% fetal bovine serum with streptomycin (100 lg/mL) and penicillin (100 U/mL). The cells were transfected with expression plasmids using the Lipofectamine2000 reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. The Omi protease inhibitor UCF101 was from Calbiochem (Darmstadt, Germany).
Small Interfering RNAs (siRNAs) and Plasmids
The double-stranded oligonucleotides used in this study were designed against human Omi mRNA or negative control (si-NC) and synthesized by Shanghai GenePharma (Shanghai, China) as described previously [49] . The transfection was performed using Oligofectamine (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. pGEX-5x-1-DJ-1, p39Flag-myc-cmv-24-DJ-1, and p39Flag-myc-cmv-24-L166P have been described previously [9, 50] . For HA-tagged DJ-1 or L166P construct, DJ-1 or L166P was generated by sub-cloning the PCR products amplified from p39Flag-myc-cmv-24-DJ-1 or p39Flag-myc-cmv-24-L166P with the primers 5 0 -CGGGATCCATGGCTTCCAAAAGAG-3 0 and 5 0 -CGGAATTCTCAGTCTTTAAGAACAAGTG-3 0 into pKH3-HA at the BamHI/EcoRI sites. For mitochondriatargeted HA-DJ-1 or HA-L166P, the mitochondrial targeting sequence from the cytochrome c oxidase subunit 8A was amplified by PCR with the primers 5 0 -CCCAAGCT-TACCATGTCCGTCCTGACGCCG-3 0 and 5 0 -AACTG-CAGCAACGAATGGATCTTGG-3' from the pDsRedMito vector and then inserted into pKH3-HA-DJ-1 or pKH3-HA-L166P at the PstI/HindIII sites. All constructs expressing Omi have been described previously [49, 51] . The fidelity of all constructs was confirmed by sequencing.
Immunoblot Analysis and Antibodies
Immunoblot analysis was performed as described previously [52] . The following primary antibodies were used: monoclonal antibodies anti-DJ-1 (Santa Cruz Biotechnology), anti-Flag (Sigma, St. Louis, MO), anti-GST (Santa Cruz Biotechnology), anti-HA (Santa Cruz Biotechnology), anti-His (Abmart, Shanghai, China), anti-Tom20 (Santa Cruz Biotechnology), anti-PARP (Cell Signaling Tech, Danvers, MA), and anti-a-tubulin (Merck Calbiochem, San Diego, CA), as well as polyclonal antibody against Omi raised by immunizing New Zealand White rabbits as described previously [49] . The secondary antibodies, sheep anti-mouse IgG-HRP and anti-rabbit IgG-HRP were from Amersham Pharmacia Biotech (Arlington Heights, IL). The proteins were visualized using an ECL detection kit (Amersham Pharmacia Biotech).
Immunoprecipitation
Immunoprecipitation was as described previously [12] . Briefly, cells were lysed in RIPA lysis buffer at 4°C. After centrifugation at 12,000 g for 15 min, the supernatant was used for immunoprecipitation with appropriate antibodies coupled to protein G Sepharose beads (Roche, Basel, Switzerland). The immunoprecipitates were then washed 5 times and subjected to immunoblot analysis. The input represents 10% of the supernatant used in the co-immunoprecipitation experiments.
GST Pulldown Assays
Twenty micrograms of GST (glutathione S-transferase), GST-DJ-1, or GST-L166P protein expressed by E. coli strain DH5a was incubated with 25 lL of glutathione agarose beads (GE Healthcare Life Sciences, Piscataway, NJ) for 30 min on ice. After washing three times with PBS, the beads were incubated with 50 lg His-Omi expressed by E. coli strain BL21 for 3 h on ice. Then the beads were washed five times with ice-cold HNTG buffer (20 mmol/L Hepes-KOH, 100 mmol/L NaCl, 0.1% Triton X-100, 10% glycerol, pH 7.5). Then the samples were subjected to immunoblot analysis with anti-His antibody. The input represents 10% of the protein that was incubated with GST or GST-fused proteins. The purified GST, GST-DJ-1, and GST-L166P were stained with anti-GST antibody.
In vitro Proteolytic Cleavage Assays
Bacterially-expressed GST, GST-DJ-1, and GST-L166P were purified using glutathione agarose beads. His-Omi and His-S276C were purified with nickel-nitrilotriacetic acid affinity resin according to the manufacturer's instructions. GST, GST-DJ-1, or GST-L166P was incubated with His-Omi or His-S276C in protease cleavage buffer (20 mmol/L Na 2 HPO 4 (pH 8.0), 10% glycerol, 200 mmol/L NaCl). Four hours after incubation at 37°C, the reaction was terminated with SDS sample buffer. Reaction products were then subjected to immunoblot analysis.
Subcellular Fractionation Assay
Mitochondrial and cytosolic fractions were isolated using the Cell Mitochondria Isolation Kit (Beyotime, Nantong, China) according to the manufacturer's instructions. The total cell lysates, mitochondrial and cytosolic fractions were subjected to immunoblot analysis. Tom20 served as a mitochondrial marker and a-tubulin as a cytosolic marker.
Immunofluorescence HEK 293 cells were washed with PBS and fixed in 4% paraformaldehyde for 10 min at room temperature followed by permeabilization in 0.25% Triton X-100 PBS for 10 min. After pre-blocking with 5% fetal bovine serum for 1 h, the cells were incubated with anti-HA antibody or antiOmi antibodies overnight at 4°C followed by incubation with Rho-conjugated donkey anti-rabbit secondary antibody (Santa Cruz Biotechnology) or Alexa Fluor-350-labeled goat anti-mouse IgG (Invitrogen). Finally, the cells were observed under a fluorescence microscope (Olympus, IX71, Tokyo, Japan).
MTT Cell Viability Assay
Cells were washed with PBS and incubated with 0.5 mg/mL MTT (3-(4,5)-dimethylthiahiazo(-z-y1)-3,5-di-phenytetrazoliumromide, Sigma) dissolved in DMEM without phenol red. After 3 h, the medium was removed and the formazan crystals were dissolved in DMSO (Dimethyl sulfoxide) by incubation at 37°C for 30 min. The absorbance was measured using a photometer at 570 nm and the background at 630 nm was subtracted. The data were normalized to the control and the ratios were presented as the mean ± SEM from three independent experiments.
Statistical Analysis
Densitometric analysis of immunoblots from three independent experiments was calculated using Photoshop 7.0 software (Adobe, San Jose, CA). The data were analyzed using Origin 6.0 software (Originlab, Northampton, MA). Statistical analysis was performed using one-way analysis of variance (ANOVA). Student's t-test was used for comparisons between two groups. A P value of \ 0.05 was considered statistically significant. All data were presented as mean ± SEM.
Results
Omi is Involved in the Instability of L166P
It has been reported that the steady-state levels of the PDlinked L166P mutant were lower than wild-type DJ-1 [24, 25, 30] . We performed transfection experiments using the N-terminal Flag-tagged DJ-1 or L166P to verify this effect. N2a cells were transfected with equal amounts of DJ-1 or L166P plasmid. Immunoblot analysis showed that the protein levels of L166P were dramatically lower than DJ-1 (Fig. 1A, B) . Similar results were obtained using either anti-DJ-1 antibody or anti-Flag antibody that were used to assess the levels of Flag-DJ-1 and Flag-L166P (Fig. 1A, B) .
The L166P DJ-1 mutant that is unstable and mislocalizes to mitochondria is involved in the mitochondrial dysfunction of PD [14, 16, 34, 35] . Interestingly, the mitochondrial Omi has cytoprotective effects and plays important roles in mitochondrial quality control [44] [45] [46] [47] 53] . We wondered whether Omi is involved in the instability of L166P and therefore measured the protein levels of DJ-1 or L166P in H1299 cells co-transfected with Flag-DJ-1 or Flag-L166P along with HA, HA-Omi, or HA-S276C (a protease-deficient mutant) [45] . To attain expression levels comparable to wild-type DJ-1, we transfected the cells with amounts of L166P plasmids triple that of wild-type DJ-1 as described previously [12, 13] . Overexpression of Omi, but not S276C Omi, led to a remarkable decrease of the L166P level (Fig. 1C, D) . In addition, overexpression of Omi had no effect on the protein levels of wild-type DJ-1 (Fig. 1C, D) .
Omi Inhibition Increases the Protein Level of L166P
We further assessed the effects of Omi on the protein level of L166P using a small interfering RNA (siRNA) that targets Omi, as described previously [49] . Omi levels were greatly decreased after transfection of si-Omi, while the wild-type DJ-1 levels did not change ( Fig. 2A, B) . However, knockdown of Omi led to a significant increase of L166P protein levels ( Fig. 2A, B) . Interestingly, the reduction of L166P protein levels by overexpressing Omi was reversed by UCF101, an Omi protease inhibitor that shows high selectivity against the serine protease activity of Omi (Fig. 2C, D) [54] , further suggesting that Omi reduces L166P protein levels through its protease activity.
Omi Interacts with and Cleaves L166P DJ-1, But not Wild-Type DJ-1
To investigate whether Omi decreases the protein levels of L166P through their direct interaction, we first performed in vitro pull-down assays. GST-L166P, but not GST alone, interacted with His-Omi expressed by E. coli. Notably, wild-type DJ-1 hardly interacted with Omi compared with L166P (Fig. 3A) . To further confirm the interaction between L166P and Omi, we performed co-immunoprecipitation experiments in HEK293 cells. To avoid cleavage of L166P by Omi in co-immunoprecipitation experiments, the protease-defective mutant S276C was used to detect the interaction. We found that HA-L166P was co-immunoprecipitated when S276C Omi was precipitated using Omi antibodies, whereas wild-type DJ-1 was not detected in the immunoprecipitates (Fig. 3B) .
Next, we performed in vitro cleavage assays to determine whether L166P is directly cleaved by Omi. Equal amounts of GST-DJ-1 or GST-L166P (N-terminal GST tag) were incubated with increasing amounts of His-Omi expressed in E. coli. GST-L166P but not GST-DJ-1 was cleaved by His-Omi protease (Fig. 3C) . Immunoblot analysis showed that the two bands of cleaved GST-L166P products increased with increasing amounts of HisOmi but not His-S276C (Fig. 3C) . Together, these data suggested that Omi directly cleaves L166P, and this is dependent on its protease activity.
As Omi is a serine protease, we constructed different mutants in which each serine was converted to alanine to identify Omi cleavage site(s) in L166P. Flag-L166P S3A and Flag-L166P S121A , but not Flag-L166P and other mutants, were resistant to Omi proteolytic activity ( Fig. 3D and E) . Thus, our data suggested that Omi cleaves L166P at both serine residues 3 and 121.
Mitochondrial Localization and Misfolded Structure Contribute to L166P Instability
To investigate the influence of subcellular distribution of DJ-1 and L166P on their interaction with and cleavage by Omi, we first performed subcellular fractionation assays. HEK293 cells transfected with Flag, Flag-DJ-1, or Flag-L166P were subjected to fractionation assays to examine their distribution in mitochondria and the cytosol. Consistent with previous studies [22, 34] , wild-type DJ-1 was mainly localized in the cytosol, and partly in mitochondria. In contrast to wild-type DJ-1, L166P was mainly localized in mitochondria, with much less in the cytosol (Fig. 4A) . In addition, Omi was mostly localized in mitochondria (Fig. 4A) . These results indicated that L166P but not wild-type DJ-1 is prone to be present in mitochondria and binds to mitochondrial serine protease Omi.
To further determine whether L166P cleavage by Omi is due to its mislocalization to mitochondria, HA-DJ-1 and HA-L166P with an N-terminal mitochondria-targeting sequence (Mito-HA-DJ-1 and Mito-HA-L166P) were created. Immunofluorescent staining showed that HA-DJ-1 was distributed diffusely throughout cells, and that HA-L166P was present mainly in mitochondria and to a certain extent in the cytosol (Fig. 4B) . Meanwhile, Mito-HA-DJ-1 and Mito-HA-L166P exhibited typical mitochondrial localization, showing co-localization with Mito-EGFP (Fig. 4B) . Although Mito-HA-DJ-1 was distributed in mitochondria, overexpression of Omi had no effect on the protein levels of Mito-HA-DJ-1, similar to that on wildtype HA-DJ-1 (Fig. 4C, D) ; however, overexpression of Omi, but not S276C, resulted in a greater decrease of Mito-HA-L166P than HA-L166P. These data indicated that not Fig. 3 Omi decreases the protein levels of L166P, but not wild-type DJ-1 through direct interaction. A Omi interacts with L166P in vitro. Pull-down assays used purified GST, GST-DJ-1, or GST-L166P along with His-Omi expressed in E. coli. Immunoblot analysis used anti-His antibody. B HEK 293 cells co-transfected with HA, DJ-1-HA, or L166P-HA along with V5-S276C were lysed and immunoprecipitated with anti-Omi antibodies. C Omi cleaves L166P in vitro. Cleavage assays were performed using equal amounts of purified GST, GST-DJ-1, or GST-L166P and increasing amounts of purified His-Omi or His-S276C. The proteins were incubated in the protease buffer at 37°C for 4 h. Immunoblot analysis was performed using anti-GST antibody. D H1299 cells were co-transfected with HA or HA-Omi along with serine-to-alanine mutants of L166P. After 36 h, the cell lysates were subjected to immunoblot analysis with anti-Flag antibody. E Ratios of serine-to-alanine mutants of L166P relative to a-tubulin from (E) from densitometric analysis only mislocalization to mitochondria but also its misfolded structure influences L166P recognition and cleavage by Omi.
L166P-Induced Cell Death Under H 2 O 2 Treatment is Inhibited by Omi
L166P promotes cell death under various stress conditions such as oxidative stress and apoptotic stimuli [14, 16, [34] [35] [36] . We next examined whether Omi protects cells against L166P-induced cell death. Under normal conditions, overexpression of L166P did not induce significant cell death, as indicated by poly ADP-ribose polymerase (PARP) cleavage and cell viability (Fig. 5A,  B) . However, L166P dramatically promoted PARP cleavage and reduced cell viability in response to H 2 O 2 treatment (Fig. 5A, B) . Moreover, Omi reduced L166P-induced PARP cleavage and cell death under H 2 O 2 treatment, although overexpression of Omi alone did not significantly influence cell survival (Fig. 5A, B) .
Discussion
In the present study, we demonstrated that the PD-linked mutant L166P, but not wild-type DJ-1, was cleaved by Omi in mitochondria through direct interaction, resulting in a reduction of L166P protein levels. In addition, Omi cleaved L166P at both serine residues at positions 3 and 121. Moreover, L166P-induced cell death in response to oxidative stress was repressed by Omi overexpression. Thus, our results indicated that Omi plays a role in the regulation of L166P in mammalian cells.
Omi dysfunction is tightly associated with neurodegeneration, especially in the pathogenesis of PD [48, 53, 55] . Mutations in the Omi gene have been associated with PD [47, 56, 57] . Omi is a serine protease important for mitochondrial quality control [53] . Serine 276 is located in the protease domain of Omi and the S276C mutation results in a loss of Omi protease activity [45] . Omi knockout mice and mnd2 mice that harbor the S276C mutation both exhibit progressive neurodegeneration and motor deficits similar to PD [45, 51] . Omi but not S276C decreases L166P in mitochondria, indicating that Omi regulates the steady-state level of L166P through its serine protease activity. Since there is no report showing that DJ-1 and Omi mutations occur simultaneously in PD patients, it would be interesting to investigate whether the Omi activity is changed in patients (or animal models) harboring the L166P mutant, which may further validate the linkage between these two PD factors.
DJ-1 forms homodimers in cells [29] , which is essential for the pro-survival functions of DJ-1 [9, 12, 13, 15, 16] . Mutations in the DJ-1 gene, including deletions and point mutations, have been linked to recessive familial forms of PD [22] . The most commonly studied PD-associated mutant L166P was reported to be unstable and exhibited improper subcellular localization [22] . The L166P mutant has a spontaneously unfolded structure that is incapable of forming a stable homodimer as DJ-1 [29, 33, 58] . Using GST pull-down assays, we demonstrated that Omi tightly interacted with L166P; whereas wild-type DJ-1 hardly interacted with Omi (Fig. 3A, B) . It is possible that the unfolded structure of L166P leads to exposure of its binding site(s) to Omi, which is responsible for the enhanced association of L166P with Omi.
Wild-type DJ-1 is diffusely distributed throughout cells, but L166P is mainly localized to mitochondria [7, 22, [30] [31] [32] 34] . The unfolded structure-mediated monomeric state may be responsible for its mitochondrial localization [59] . Omi is a mitochondrial serine protease that cleaves its substrate [38, 39] . Our data provided evidence that mitochondrial L166P, but not wild-type DJ-1, interacted with and was cleaved by Omi. Although the mitochondrial L166P is more susceptible to proteolysis by Omi, the mitochondrial wild-type DJ-1, in which a mitochondrial targeting signal is introduced, is also resistant to the proteolytic activity of Omi. These data suggest that the conformation of L116P is the essential factor for its interaction with and proteolysis by Omi, rather than the mitochondrial localization. L166P is unstable and subject to the UPS degradation or proteasomal endoproteolytic cleavage [24] [25] [26] 30] . However, the factors involved in L166P instability have not been identified. From our results, inhibition of Omi protease activity by its inhibitor UCF101 or conversion of serine 3 or 121 to alanine increased the steady-state level of L166P, suggesting that the proteolysis of L166P by Omi is also a means of regulating L166P stability. It is also likely that the cleavage by Omi leads to more structural instability of L166P, and recognition by its E3 ligase(s), therefore promoting L166P degradation by the ubiquitin proteasome system. L166P has pro-apoptotic actions in mitochondria, promoting cell death in response to diverse stimuli [14, 16, [34] [35] [36] . In our results, overexpression of L166P accelerated H 2 O 2 -induced cell death. However, overexpression of Omi significantly blocked this accelerated cell death, suggesting that the regulation of mitochondrial L166P by Omi has a protective effect on mitochondria.
In summary, our study demonstrates that L166P, but not wild-type DJ-1, is cleaved by the mitochondrial serine protease Omi through direct interaction. In addition, the unfolded structure and mislocalization to mitochondria may be responsible for the cleavage of L166P by Omi. Our results provide a mechanistic explanation for L166P instability and bridges two PD-associated genetic factors in mammalian cells, which may be helpful for our understanding of the pathogenesis of PD.
